BACKGROUND:
Bronchodilator responses (BDR) are routinely used in the diagnosis and management of asthma; however, their acceptability and repeatability have not been evaluated using quality control criteria for preschool children. OBJECTIVES: To compare conventional spirometry with an impulse oscillometry system (IOS) in healthy and asthmatic preschool children. METHODS: Data from 30 asthmatic children and 29 controls (two to six years of age) who underwent IOS and spirometry before and after salbutamol administration were analyzed. RESULTS: Stable asthmatic subjects significantly differed versus controls in their spirometry-assessed BDR (forced expiratory volume in 1 s [FEV 1 ], forced vital capacity and forced expiratory flow at 25% to 75% of forced vital capacity) as well as their IOS-assessed BDR (respiratory resistance at 5 Hz [Rrs 5 ], respiratory reactance at 5 Hz and area under the reactance curve). However, comparisons based on the area under the ROC curve for ∆FEV 1 %initial versus ∆Rrs 5 % initial were 0.82 (95% CI 0.71 to 0.93) and 0.75 (95% CI 0.62 to 0.87), respectively. Moreover, the sensitivity and specificity for ∆FEV 1 ≥9% were 0.53 and 0.93, respectively. Importantly, sensitivity increased to 0.63 when either ∆FEV 1 ≥9% or ∆Rrs 5 ≥29% was considered as an additional criterion for the diagnosis of asthma.
CONCLUSION:
The accuracy of asthma diagnosis in preschool children may be increased by combining spirometry with IOS when measuring BDR. Korean preschool children (16) . The children underwent IOS and spirometry with an interval of one week at each day care centre. Before PFT, their parents answered the Korean version (17) of the International Study of Asthma and Allergies in Childhood questionnaire, which also included questions to determine whether the subject is considered 'healthy' as defined by Stocks et al (18) . Based on questionnaire responses, 40 children were excluded, four of whom according to the criteria of Stocks et al (18) . In addition, 378 children with risk factors that may have influenced bronchial reactivity, such as a history of wheezing, atopic dermatitis or allergic rhinitis (19) , or a family history of asthma (20) , were also excluded. A total of 149 'healthy' controls were able to produce technically acceptable measurements for IOS and spirometry. The childrens' parents were subsequently asked to enroll in the study and visit the institution to undergo BDR testing. Of these, 32 accepted the proposal and three children failed to fulfill the quality-control criteria of Neve et al (15) , thus yielding a total of 29 control subjects. During enrollment of the healthy controls, 30 children, two to six years of age who had been diagnosed with asthma and followed at the institution, were enrolled in the study. All patients were well controlled with asthma medications, with a mean (± SD) duration of asthma treatment of 21±14 months. For asthma severity, symptom frequency (daytime symptoms, night-time awakenings, short-acting beta 2 -agonist use for symptom control and interference with normal activity) was used to classify severity of asthma as defined by the National Asthma Education and Prevention Program/Expert Panel Report-3 guidelines (1). Asthma was intermittent in four (13%) participants, mildly persistent in 17 (57%) and moderate-severe persistent in nine (30%). Short-and long-acting beta 2 -agonists were withheld for at least 8 h and 24 h, respectively, before the bronchodilator (reversibility) tests were performed. Anthropometric data, such as height and weight, were measured. The study was approved by the ethics committee of the CHA University (Seongnam, Korea) and written informed consent was obtained from the parents of all participating children.
PFT
Impulse oscillometry was performed using the Master Screen Spirometry-IOS Digital System (Jaeger, Germany) according to methods described in previous studies (11, 13) . Spirometric measurements were also performed using the same device according to previous studies (14, 15, 21, 22) . Computer incentive games have recently been added to spirometry software and, accordingly, young children included in the present study were trained to perform rapid forced expiration manoeuvres by blowing out candles or prolong expiration by throwing balls in a bowling alley (15) . IOS requires the participant to breathe normally through the IOS measuring head, with artificial pressure impulses being superimposed on the tidal breathing of the subject for a short period. Manual occlusion of the nares was implemented to prevent nasal breathing and inhibit the applied pressure oscillations from escaping through the nares. A technician gently held the sides of each child's face to decrease the shunt compliance of the cheeks while the child breathed normally into the mouthpiece to compensate for the compliance of the cheeks (23) . After baseline measurements, four puffs of salbutamol (400 μg) were administered with a metered dose inhaler and spacer device. All tests were performed in the same sequence as the baseline test and 15 min after administration of salbutamol. A minimum of three technically acceptable measurements were performed with IOS and spirometry before and after administration of salbutamol. Data for spirometry and IOS measurements were collected before and after bronchodilator administration. All values were compared between the two study groups using the absolute change in actual data from the baseline value (∆abs [in L]); the per cent change of actual data from the initial baseline value (∆%init), which was calculated using the following formula:
× (postvalue − baseline value)/(baseline value)
; and the per cent change of actual data from predicted value of baseline (∆%pred), which was calculated using the following formula:
× (postvalue − baseline value)/(predicted value of baseline)
The predicted values for the IOS measurements were calculated according to a report by Dencker et al (24) . The study by Waalkens et al (25) recommended using the percentage change of the predicted value (∆%pred) for a particular measure as the index of BDR in children based on the concept that this method is independent of age, height and initial lung function. It was decided to present three different indexes because data comparing measurements of BDR with these methods of PFT in preschool children are lacking. For the sake of simplicity, ∆%init was preferred as a description of BDR. A welltrained technician, with two years' experience with PFT, performed the test along with a physician who supervised the process.
Data analysis
Data are expressed as mean ± SD unless otherwise indicated. Data were analyzed using PASW version 17.0 (PASW Statistics, USA). The Student's t test was used to compare data between groups. ROC curves were plotted for all possible combinations between the trueand false-positive ratio as the definition of positivity was varied. Cross tabulations were used to generate the sensitivity and specificity of the cut-off values for BDR. P≤0.05 was considered to be statistically significant.
RESULTS
The 59 enrolled subjects were all Korean preschool children. Table 1 summarizes the characteristics and predicted and initial values of lung function of children with and without asthma. Before bronchodilator use, there was a significant difference in baseline respiratory reactance at 5 Hz (Xrs 5 ) and area under the reactance curve (AX), but no difference in baseline respiratory resistance at 5 Hz (Rrs 5 ), Rrs 5 % predicted, Xrs 5 % predicted and resonant frequency (Rf o ) in parameters of IOS and significant differences in FEV 1 /forced vital capacity (FVC) and forced expiratory flow at 25% and 75% of FVC (FEF )/FVC, but no difference in baseline FEV 1 , FEV 1 % predicted, baseline FVC, FVC % predicted in parameters of spirometry between the children with or without asthma. After salbutamol administration, there were significant differences in the percentage changes in IOS and spirometry parameters with the exception of Rfo (Table 2) . Quality control was carefully examined for both IOS and spirometry. For IOS, visual control was carefully inspected from the real-time display of tidal flow and/or volume and coherence values at 5 Hz of ≥0.6 and at 10 Hz of ≥0.9 were accepted for analysis. For acceptability of spirometry, the differences between the two FEV 1 measures before salbutamol were 0.4±4.5% and 1.3±3.5%, respectively. Back extrapolated volume (Vbe) for prebronchodilation and postbronchodilation were 34±13 mL and 39±14 mL, respectively (P=0.043). Vbe/FVC for prebronchodilation and postbronchodilation were 3.3±1.2% and 3.4±1.0%, respectively. Time to peak expiratory flow for prebronchodilation and postbronchodilation were 0.12±0.04 s and 0.11±0.03 s, respectively. Table 3 summarizes the changes in FEV 1 , Rrs 5 , and Xrs 5 after salbutamol administration, expressed in three different ways: as an absolute difference and as a percentage of initial or predicted values according to a previous study (26) . Regardless of the different expressions, significant differences were observed in FEV 1 , Rrs 5 and Xrs 5 among the groups.
The area under the ROC curve (AUC) for BDR of ∆FEV 1 %init and ∆Rrs 5 %init were 0.81 (95% CI 0.70 to 0.93) and 0.74 (95% CI 0.62 to 0.87), respectively, which were found to be higher than those of the other parameters. Of these measures, Figure 1 For comparisons of methods, various cut-off points of BDR for Rrs 5 , FEV 1 or a combination of both, as suggested by the current study and previous studies, were chosen for calculation of sensitivity, specificity and positive likelihood ratio (PLR) ( Table 4 ). The cut-off point closest to the left-hand border and the top border of the ROC space that provided the best possible tradeoff between sensitivity and specificity was a 5.3% change in initial FEV 1 . At this point, 80% of the children with asthma showed at least 5.3% improvement in FEV 1 following salbutamol compared with 28% of controls. The PLR and negative likelihood ratio were 2.90 and 0.28, respectively. In other words, a BDR of at least 5.3% multiplies the initial odds in favour of asthma by a factor of 2.9, and a negative test multiplies the initial odds against asthma by a factor of 1/0.28 = 3.6. The cut-off point of BDR for Rrs 5 was a 15.6% change in Rrs 5 %init. The PLR and negative likelihood or ∆Rrs 5 ≥15.6% for the diagnosis of asthma, that is, that either one of the best cut-offs were met increased the sensitivity of diagnosis by 13% but decreased the specificity by 20%. Applying either ∆FEV 1 ≥9% (5) or ∆Rrs 5 ≥29% (8) for the diagnosis of asthma yielded a sensitivity of 0.63, a specificity of 0.93 and a PLR of 9.14. Thus, these data suggest that when BDR measured by spirometry was combined with BDR measured by IOS, the results increased the accuracy of the diagnosis.
DISCUSSION
We found that conventional spirometry is better than IOS at discriminating between children with asthma from healthy subjects on the basis of BDR. We also demonstrated that when BDR obtained by conventional spirometry is combined with that assessed by IOS, confidence in diagnosing asthma is increased, as reflected by the increased AUC. Therefore, IOS may help in diagnosing asthma and can be used as a diagnostic tool supplementary to spirometry.
Generally, a test is considered to be discriminative if the AUC >0.70 (27) . In the present study, the AUCs for all measures tested showed values >0.70 except ∆AX%, and spirometry measures were found to be higher than IOS measures, thus suggesting that BDR tests measured using spirometry and IOS are useful for identifying preschool children with asthma and that spirometry has a better discriminative power than IOS in diagnosing preschool children with asthma. When BDR of ∆FEV 1 %init ≥9% (5) alone was considered for the diagnosis of asthma, the PLR was 7.73. When BDR of ∆FEV 1 %init ≥9% was combined with that of ∆Rrs 5 %init ≥29%, (8) the PLR increased to 9.14, which clearly indicates that although spirometry has a better discriminative power than IOS, IOS may help to better discriminate between asthmatic preschool children and controls.
The results of the present study are in contrast to those of previous studies (11, 12) , which asserted that IOS was better than spirometry at discriminating between young children with and without asthma on the basis of their BDR. In those studies (11, 12) concurrent asthma was determined using American Thoracic Society (ATS)-Bronchial asthma (ATS-B) criteria (28) , whereas in the present study, asthma diagnosis was made by an experienced pediatrician. Although ATS-B criteria were shown to be valid (11), we speculate that they cannot replace asthma diagnosis made by an experienced pediatrician. A study by Olaguibel et al (13) suggested that Rrs 5 values correlated well with spirometry (FEV 1 ) on the basis of BDR. However, this study did not include control subjects.
The reliability of spirometry depends on standardized methodology; quality control criteria were published by the ATS and Eureopean Respiratory Society (ERS) (4). Because preschool children have difficulty meeting some criteria, the following quality control criteria suitable for that age group were proposed for acceptability: Vbe ≤80 mL and ≤12.5% of FVC (14) , time to PEF <160 msec (21) ; and for repeatability: difference (∆) between the two ∆FEV 1 ≤110 mL and 10% of best effort, and difference between the two ∆FVC ≤110 mL and 10% of best effort (15) . The preschool children included in the present study were able to meet these criteria because children who produced acceptable manoeuvres in a previous study were asked to enroll. For IOS, it is recommended to use a coherence value of Y 2 ≥0.6 at 5 Hz for the acceptance threshold. Coherence improves as a function of oscillatory frequency to Y 2 ≥0.9 at frequencies of ≥10 Hz (29) . Therefore, in the present study, only data that qualified under these criteria were used for analyses.
The cut-off point for FEV 1 BDR of our asthmatic subjects was 5.3%, whereas previous studies have suggested cut-off points of FEV 1 BDR to range from a 7.8% to a 9% increase (5, 6) , indicating that there is no clear consensus about what constitutes significant reversibility in subjects with airflow obstruction using spirometry. According to a ≥9% increase criterion (5), we found that 17 of 30 children (56.7%) with asthma had a positive BDR. This is consistent with a previous report that a large proportion of patients with asthma do not show a positive BDR (22) . For IOS measurements, the cut-off point of Rrs 5 BDR of our asthmatic subjects, expressed in ∆Rrs 5 %init, was 15.6%. Values for IOS BDR deemed reliable for the diagnosis of asthma have been reported to range from a 20% to 40% decrease in Rrs 5 (8, 9) .
The cut-off points of BDR for FEV 1 (5, 6, 8, 9) and Rrs 5 (8, 9) in the present study were found to be relatively lower than those suggested in previous studies (5, 6, 8, 9) . The difference in cut-off points between the present study and previous studies could be ascribed to the fact that the healthy control subjects in the present study were strictly defined according to recommendations by Stocks et al (18) . Furthermore, 378 subjects with risk factors that may have influenced bronchial reactivity, such as a history of wheezing, atopic dermatitis, allergic rhinitis or a family history of asthma, were also excluded (19, 20) . To the best of our knowledge, the present study was the first to demonstrate BDRs in healthy preschool children defined by Stocks et al (18) in an effort to exclude subjects with risk factors that may have an effect on BDR. Therefore, exclusion of subjects with any risk factors that directly or indirectly influence the respiratory system and general state of health may have allowed the relatively small values to be the cut-off points for differentiating the disease group from controls. Because we used a strict definition of 'healthy', caution should be exercised in applying these low cut-off points of BDR derived from IOS and spirometry to a general population.
Seven of 29 healthy children (24%) in our study population showed a positive BDR of >5.3% by spirometry. In a previous study comparing BDR in children eight to 15 years of age with asthma (20) , children without asthma from asthma index families and random control subjects, the proportion of children with positive BDR (>12%) was 21%, 10% and 9%, respectively, demonstrating that a portion of subjects without asthma show a positive BDR. The reason that our study showed a higher proportion of subjects with a positive BDR could be ascribed to the fact that the study mentioned above defined a positive BDR as values >12%, whereas our study defined a positive BDR as values >5.3%. If BDR >12% was chosen as positive in our healthy subjects, no children would have shown a positive BDR.
Strengths of our study are as follows: it was the first to demonstrate BDR in strictly defined healthy control subjects, and quality control criteria for IOS and spirometry (15) were applied in preschool children. Limitations of our study included the relatively small number of subjects compared with previous studies; the control subjects were selected from the general population whereas the asthma subjects were recruited from a group of patients who were followed-up at our institution. Furthermore, because asthmatic subjects classified into different levels of disease severity were included, their pulmonary function measurements may have yielded different results, thus making data interpretation difficult. 
